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Abstract 
Water content is well known as one key issue in operation of PEM-fuel cells. Due to the fact that the fuel cell 
produces water the output air stream is nearly saturated. That leads to a typical measurement range of humidity from 
90 up to 100%. Sensor based water detection at that level is costly from technical and economical points of view. 
For that reason the aim of this project is to detect and balance the humidification state in real time by impedance 
spectroscopic measurements. Based on this measurement method with the help of defined variation of the operation 
conditions, significant measurement points which are sufficient for the characterization of the current humidity state 
have been selected. 
As the requirement of a fast and load independent measurement cannot be fulfilled by the conventional EIS, two 
methods have been implemented: reduced and fast electrochemical impedance spectroscopy (R-EIS and F-EIS). Both 
methods result in the secant angle of the Nyquist plot and Zreal, where latter is closely linked to the membrane 
resistance Rmem. The combination of these parameters correlated with their temporal change lead to a reliable 
humidity state indicator (HSI), which is used as input parameter for a real time control. 
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1. Humidity detection in PEMFC 
The interest in proton exchange membrane fuel cells (PEM-FC) as energy converter in mobile and 
stationary application continues. In the last decade a trend towards high temperature PEM-FC (HTPEM-
FC) started. The idea was to overcome the obstacles in water management by the increased working 
temperature above the boiling point. This led to various new problems and challenges, which finally 
strengthened the role of the pem-fc and its advantages. In this respect the humidity detection and the 
water management in PEM-FC is an ongoing topic in the field of research and development. 
 
Nomenclature 
Zreal   Real part of impedance 
Zimag Imaginary part of impedance 
Rmem  Membrane resistance 
Rmem ref  Reference value for membrane resistance 
Am  Membrane area 
Tcell  Fuel cell temperature 
M  Measurement at specific frequency 
α Angle of secant in Nyquist-plot 
 
Conventional methods for humidity detection are based on capacity sensors. This working principle is 
reliable as long as water condensation and liquid water are avoided. Due to the function of the fuel cell 
both issues can occur. Temperature differences between the fuel cell and the fed gases lead to 
condensation and additional water is produced inside the fuel cell. Consequently the outcoming gases are 
well moistured or even saturated (see Fig.1.) [1] [5] [6].  
 
 
 
Fig. 1. humidity sensors in a fuel cell system 
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Still capacitive measurements are possible with higher technological efforts. One possibility is the 
additional heating of the sensor itself. The other option is positioning the sensor inside the warm centre of 
the fuel cell (2). The latter was tested in fuel cell proto types but could not overcome the problem with 
liquid water accumulation during idle times [2]. 
A competing method is the psychrometric measurement (3). It is based on the analysis of two 
temperature measurement at the same location – one artificially humidified to 100% and the other at 
ambient humidity. This principle works reliable up to 100% relative humidity. A disadvantage is the need 
for additional installations which are necessary for the artificial humidification. This is only suitable for 
laboratory installations. 
The fourth method – EIS (4) works without any additional installations and sensors. By manipulating 
the electrical current and analysing the voltage response EIS allows the determination of the internal 
humidity state [3] [7] [8]. The original dc-current is manipulated by a small ac-current with frequencies 
between 0.5 and 1500Hz. The impedance Z can be determined from a U-I-measurement. Plotting 
impedance for each frequency leads to the Nyquist-plot shown in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Nyquist plot for different level of external humidification  
(Am=25cm²; Tcell=50°C, Uconst=0.7V) 
The four graphs show the influence of external humidification (rh:100%, 60%, 30%, 0%) on the fuel 
cell impedance in flow-through mode [4], measured on a single cell with the size of 25cm², at a 
temperature of 50°C and a constant voltage of 0.7V. Absolute position and relative size of the curves 
change.  A higher level of humidity results in a smaller impedance caused by a decreased real part (Zreal) 
and a decreased arc diameter. A detailed measurement as shown here is time intensive and needs a long 
term stable electrical state of the fuel cell. Both are only possible in laboratory installations. 
 
This conventional EIS is much too slow to be applied in a real time feedback control and it is not load 
independent. The two further methods, the reduced- and the fast-electrochemical impedance spectroscopy 
(R-EIS and F-EIS) are capable of a fast and load independent measurement and will be introduced in the 
following section 
 
434   Andreas Miege et al. /  Energy Procedia  29 ( 2012 )  431 – 437 
2. Advance methods of EIS 
2.1. Reduced electrochemical impedance spectroscopy 
In contrast to EIS the R-EIS focuses only on the high frequency part of the Nyquist plot. The 
derivation of this part of the curve is simplified by a secant between two specific impedances (M1, M2). 
At M1 imaginary part is near zero. Therefore R-EIS needs only two frequencies measurements from 
which the angle of the secant (α) and Zreal at Zimag=0 (M1) can be deduced. This is much faster than the 
conventional EIS and results in a satisfying precision.  
 
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic drawing to illustrate the measurement points of R-EIS in Nyquist plot 
The interpretation is equal to the conventional EIS: The smaller Zreal and the greater the angle the 
better the fuel cell humidification. The measurement sequence itself is faster and can be repeated 
frequently. That makes it less sensitive to load changes and errors. 
2.2. Fast electrochemical impedance spectroscopy 
The quickest way to obtain the humidification state of a fuel cell is the fast electrochemical impedance 
spectroscopy (F-EIS). A current pulse is generated while both, current and voltage, are measured with a 
high sampling rate of 10kHz. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Current pulse and response in voltage 
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The division of the Fourier Transform (FT) of the voltage and the FT of the current result in a complex 
vector, similar to the impedance Z. From the angle α of the secant in the reduced Nyquist plot around 
Zimag=0 the humidification state of the fuel cell can be deduced (Fig. 5). The amplitudes of the Fourier 
components of a rectangle pulse decrease with 1/f, so the division becomes unstable with rising 
frequency. Therefore only values are considered, where the product of voltage and current of the same 
frequency is above a certain limit. The frequency range of the following plot is from approx. 20-200Hz. 
Fig. 5. Angle of Nyquist plot (fit) of a wet (left) and dry stack (right) 
 
The Nyquist plot created in this way does not show the well formed plot as for EIS, but is sufficient to 
obtain the humidification state of the fuel cell membrane. The angles produced by a series of pulses 
scatter and need to be averaged over several pulses. 
 
 
3. Approach for a humidity-state-indicator 
. The angle α and the membrane resistance create the basis for the fuel cell humidity determination, 
independent which of the shown measurement methods is used.  Aiming for an integration of the fuel cell 
humidity state into a fuel cell controller a significant parameter has to be created – the humidity state 
indicator (HSI). The HSI is deduced from the correlation of the angle (α) and the membrane resistant 
(Rmem) as show in Fig.6. A HSI of 1 indicates a high humidification level near saturation which would 
lead to an accumulation of liquid water inside the fuel cell. Accordingly a HSI of 0 stands for absolute dry 
conditions which results in a dramatically decrease of fuel cell performance. A long term stable operation 
will be guaranteed at a HSI-range which is specific for each fuel cell type. 
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 For the controlling process a state prediction or a tendency is favorable. The membrane resistance reacts 
slowly on changing conditions compared to the angle which is a fast indicator for drying or humdifying 
tendencies. Therefore the angle angle has to be considered in the HSI implementaion for the fast response 
of the HSI. Refering on Fig. 7 drying and humidifying operation play the major role in short term 
controlling and managing the water content. The rather slow effect of drowning is difficult to detect but 
can be prevented by regular purging. Degradation as a long term influence requires a regular adjustment 
of the reference points for Rmem.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Humidity-state-indicator based on a fuzzy logic interpretation of the measured values on single PEM-Cell 
 
After 60s the system measures the angle of the Nyquist-plot with the help of the F-EIS or R-EIS. If 
that angle is above 50°, the stack is well humidified and the measured Rmem can be used as reference 
value Rmem,reff for the controlling of the following operation mode. This procedure is necessary because 
not only the humidification state but also aging effects influence the value of Rmem.  
 
Fig. 7 Diagram shows the humidity states and transitions between the states 
 Andreas Miege et al. /  Energy Procedia  29 ( 2012 )  431 – 437 437
Based on the HSI the controlling process of the fuel cell reacts immediately on a change of the fuel 
cell internal humidity conditions. As control parameters lambda, cell temperature and current are used in 
the given order to run the fuel cell from dry or over humidified condition to optimal humidified state 
 
4. CONCLUSIONS 
A fast humidity determination of fuel cell is a requirement for a stable fuel cell controlling.  For 
laboratory fuel cell analyses the psychrometric humidity detection has turned out as an appropriate 
method even at high humidity levels. Using no humidity sensors the electrochemical impedance 
spectroscopy is known appropriate method for humidity detection. Two specific adaptations (F-EIS and 
R-EIS) use the advantages of the EIS and yield a fast measurement of a simplified Nyquist plot which is 
defined by membrane resistant Rmem and the secant angle α. From α and Rmem the humidity-state-
indicator (HSI) is deduced representing the actual fuel cell condition. Due to degradation effects the 
setpoint of Rmem has to be regularly adjusted, which can be done much faster using the novel methods 
described in this paper. 
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